Abstract: A simple approach for accurate determination of the resonant frequencies of microstrip antennas of regular geometries is developed and presented. In this approach, a generalised empirical formula for the computation of effective dielectric permittivity is given which takes into account the ratio of the fringing area to the area of the patch. A correction to the equivalent side length of an equilateral triangular patch, previously published, is modified and a new formula is given. A correction to the effective dimensions of an elliptical microstrip antenna is also carried out. Numerical results obtained for the resonant frequencies of elliptical, circular, rectangular and equilateral-triangular microstrip antennas are in good agreement with the available theoretical and experimental results reported by others. The present approach is more efficient, simpler and more accurate.
Introduction
Accurate determination of resonant frequency is important in the design of microstrip antennas because of their narrow bandwidth. For an accurate estimation of resonant frequency, the fringing-field effects must be taken into account, and hence the effective dielectric permittivity and dimensions of the microstrip patch must be incorporated. Several correction methods have been reported in the literature to calculate accurately the resonant frequencies of rectangular, circular, equilateral triangular and elliptical microstrip antennas separately [l-51. However, comparison of results of the above methods shows large differences between the computed and measured resonant frequencies. No generalised formula for the effective dielectric permittivity .zefl for these geometries is reported in the literature. In this paper, a generalised empirical formula for the effective dielectric permittivity has been developed for the well known microstrip-antenna geometries. A formula for the effective side length of an equilateral triangular patch reported in [3] In this paper, the function F is empirically derived from the ratio of the fringing area on the plane of the patch to the area of the patch and is given by C,ET E, -1 fringing area on the plane of the patch area of the microstrip patch
. i
where c, (> 0) is a coefficient to be determined to find F. The fringing area is the area in the plane of the patch on which the fringing fields exist. It is assumed that the fringing fields extend uniformly over a distance equal to the substrate thickness d approximately on the plane of the patch, as shown in Fig. 2 [13] . Formulations for F and effective dielectric permittivity are established for different patch geometries having elliptical, circular, rectangular and equilateral triangular shapes.
Elliptic:
From the geometry shown in Figs. 1 and 2 the fringing area of the elliptical antenna is com-
tuting this into eqn. 2 we obtain Substituting eqn. 3 into eqn. 1, the effective dielectric permittivity for the elliptical patch finally takes the form d d d2 Here s represents the sides of an equilateral triangular microstrip patch.
Effective aperture dimensions
Correction to the aperture dimensions of the rectangular microstrip antenna is given by Dearnley et al. [l] and that of a circular antenna is given by [2, 141. In this paper the E, in the correction formulas given by [I, 141 are replaced by sef-for the resonant frequency calculation. A correction to the aperture dimensions of an equilateral triangular and an elliptical microstrip antenna has been carried out using the capacitance formula as reported in [2, 3, 141. For an equilateral triangular patch with side length s, the radius ueg, of the corresponding equivalent circular patch is obtained by using the capacitance formula of circular patch given by [14] and replacing E~ by E~~, the effective radius of this equivalent circular disk due to fringing effects can be written as where ueq = d(A/n) and A is the area of the equilateral triangular patch. The effective side length seff of the triangular microstrip patch antenna is calculated by an approach given by [7, 151 and can be written as s e , = s(ae,ueq) and hence the effective value of the side length of the equilateral triangular microstrip patch can be written as (9) Correction to the aperture dimensions of an elliptical microstrip patch antenna is also carried out by considering an equivalent circular patch having metallised area equal to that of the elliptical patch. The area of the elliptical patch can therefore be resolved as a product of the area of two circular patches with radius a and b, respectively. Therefore Thus from eqn. 10, if the radii of circles 1 and 2 are replaced by their equivalent values given by eqn. 8, eqn. 10 becomes meqheq. This directly gives the formula for the area of an equivalent elliptical microstrip antenna with equivalent semimajor-and minor-axis lengths as ueq and beq, respectively. The expression for ueg can be written in a way similar to that given in eqn. 8 as 
Results and discussions
The value of coefficient c, was varied from zero upwards and the corresponding resonant frequencies were calculated and compared with the experimental values reported in [l-111. When c, was equal to 0.7, the resonant frequencies computed from the resonant-frequency formulas [2-4, 61 matches the experimental resonant frequencies with minimum percentage error. Hence c, is taken as 0.7 for the computation of resonant frequencies for the above antenna geometries. Theoretical resonant frequencies obtained for elliptical, circular, rectangular and equilateral triangular microstrip antennas are given in Tables 1-4 , respectively. From Table 1 it is observed that the resonant frequencies of an elliptical microstrip antenna computed by the present approach are much closer to the experimental values of [4, 51. In for most manufactured dielectric materials, the relative permittivity does not strictly follow its estimated value, a tolerance of 1% has been introduced in E,. and its effect in the resonant frequencies has been observed. This feature is shown in Fig. 3 . From Fig. 3 it is seen that the resonant frequency varies linearly with A&,. This variation has been studied for all the geometries and is only presented for the elliptical geometry. It was found that, for a variation of +1% in E,, a variation of -39.4% was observed in the resonant frequency for all the above geometries. From Table 4 it can be seen that the results obtained by the present modified formula are more accurate than those in 131. The advantages of this method are accuracy and simplicity. 
Conclusions
A simple approach for the accurate determination of resonant frequencies of elliptical, circular, rectangular and equilateral triangular microstrip antennas are presented. A generalised expression for effective dielectric vity ~~f is formulated. A new formula for the effective dimensions of elliptical and equilateral triangular microstrip antennas are also formulated,
